The treatment of partial and totally edentulous patients with dental implants is a predictable and recommended therapy in contemporary dentistry. Various designs of dental implants representing different geometries and surface technologies are commercially available for patient treatment. However, data with regard to bone tissue responses and stability for comparison of their biologic performance are scarce.
The highly complex multicellular process of osseointegration, including the osteoblast activity at the bone surface of the insertion site or within new bone forming as part of the wound healing response, may be assessed solely through in vivo studies. In vitro experiments simplify the healing process and disregard the biologic aspects of osseointegration, making it difficult to define the true influence that alterations in surface parameters have in a clinical situation. The use of an in vivo model of osseointegration is therefore a key component in determining the potential clinical benefits of surface modification of titanium and titanium alloy implants. 2 It has been suggested that moderately rough implant surfaces (roughness [R a ] of 1 to 1.5 μm) may accelerate and increase bone apposition at the bone-implant interface. 3 This would present a major advantage when an immediate prosthetic load is applied. However, some studies reported an augmented risk of peri-implant tissue infection and progressive bone loss for these surfaces. [4] [5] [6] Knowledge of the biologic events that occur immediately after implant placement, regardless of surface characteristics, is key to understanding the role played by the host tissues during the initial healing process. It has become common to perform immediate/early prosthetic loading rather than staged loading. Limited in vivo information exists regarding the early biologic events that occur at the bone-implant interface when implants with different surfaces are positioned in healed ridges.
The main objective of this study was to monitor the early biologic events (from baseline to 90 days postoperatively) of peri-implant healing and to understand the role of surface modifications in the early phases of bone integration, relating this to a better understanding of the osseointegration process. The secondary goal was to observe the possible differences in the healing pattern of osseointegration at two oral implant surfaces differing in morphology and roughness with R a values ranging from 0.5 μm (machined surface; MS) to 1.5 μm (oxidized surface; OS).
Method and materials
The experimental protocol was approved by the Institutional Animal Care and Use Committee at the College of Dentistry, King Saud University, Riyadh, Saudi Arabia.
A total of six foxhound dogs (25 kg) were included in the study. The experiment and the surgery were performed at the King Saud University of Riad. The animals were euthanized at a specific time point: immediately after implant insertion and after 24 hours, 7 days, 15 days, 30 days, and 90 days.
Implants
A total of 36 implants (iMAXpro, iMAX3) were included in the study, six for each animal.
All implants were manufactured from grade 4 commercially pure titanium (cpTi). The surfaces of 18 implants were roughened by an oxidizing process (OS) (Fig 1a) , and the remaining 18 implants were left with an MS (Fig 1b) . All implants were decontaminated through a plasma cleaning system and sterilized by gamma radiation. The implants were 3.30 mm in diameter and 10 mm in length with a slightly conical shape and a tapered apical portion.
Surgical procedure
The mandibular premolars and first molars were extracted prior to implant placement. Three months after tooth extraction, implant insertion surgery was performed. After achieving general and local anesthesia, a crestal incision was made to reflect the mucoperiosteal flaps. Implant placement was performed following the standard guidelines, positioning the implant platform at the osseous crest level. Three implants were placed following a randomization scheme per hemimandible. All implants were allowed to protrude a half millimeter above the bone level to avoid excessive compression of the cortical bone. Size-matched, 3-mm-height healing abutments were placed, and the flaps were sutured with nonresorbable polytetrafluoroethylene sutures (Cytoplast, Osteogenics Biomedical), which were removed after 10 days. Healing abutments were not submerged and were not in occlusal contact. The animals were provided the standard postsurgical infection control by administration of amoxicillin 500 mg twice daily for 10 days. They were kept on a soft food diet throughout the study.
Histologic processing
The specimens were fixated by immersion in 10% buffered formaldehyde. Dehydration of the specimens was accomplished by increasing ethanol concentrations using a dehydration system with agitation and vacuum. The samples were embedded in Technovit 7200 VLC resin (Heraeus Kulzer) and sliced longitudinally on an Exakt cutting unit (Exakt). The slices were reduced by microgrinding and polishing using an Exakt grinding unit to an even thickness of 30 to 40 μm. These were stained with toluidine blue/pyronin G and examined using an Eclipse E1000M light microscope (Nikon).
Histomorphometric analysis
Digital pictures of each sample at ×4 magnification were obtained with a microscope (Eclipse 50i, Nikon) and a digital camera (Digital Sight DS-Fi1, Nikon). The pictures were uploaded to specialized software (NIS Elements 3.2, Nikon) and histomorphometrically analyzed to calculate the bone-implant contact (BIC) on the total length of the implants.
Results
The degree of osseointegration, expressed in percentage BIC (%BIC), from day 0 to 90 is summarized in 
Clinical results
One dog was euthanized immediately after implant placement. The other five dogs recovered well after the surgery and showed uneventful healing for the corresponding time lapse.
At the 3-month observation, some of the implant sites demonstrated different degrees of plaque accumulation and peri-implant tissue inflammation.
Histologic results

Day 0 observation
Both OS and MS implants showed extremely low BIC (25.5% and 23.9%, respectively), mainly limited to the most coronal portion of the implant engaged in the cortical bone and at the tips of the implant threads (Fig 3) .
The areas with no contact were mainly filled with blood clot and various amounts of bone chips derived from bone drilling and implant insertion (Fig 4) . No signs of boneforming activity were evident in any of the specimens. (Fig 5) . No signs of ongoing new bone formation were evident, and no histologic differences were detectable at the two different surfaces.
Day 7 observation
At day 7, all specimens demonstrated active resorption of the bone chips and adjacent new bone formation (Fig 6) . Intensive osteoblastic activity, shown by the high number of osteons, was evident around all of the residual bone chips with osteoid deposition. When the bone chips were close to the implant, new bone formation was evident in contact with the implant surface regardless of the roughness and morphology of the surface. On both surfaces, very little bone-forming activity was detectable where bone chips were not present.
The BIC values were still very low (OS = 23.5%; MS = 24.9%) and limited to the coronal cortical bone and the tips of the implant threads. 
Day 15 observation
The bone-forming activity was more pronounced in all of the specimens, and no qualitative or quantitative differences were detectable between the two different surfaces. The residual bone chips were almost completely resorbed and substituted with islands of woven bone surrounded by osteoid and an osteoblast layer (Fig 7) . The new bone was often visible in contact with the implant surface.
The BIC values were still very low (OS = 26.9%; MS = 24.9%).
Day 30 observation
A large representation of newly formed woven bone was evident in all of the specimens regardless of the implant surface. Intensive osteoblastic activity was still present in several bone remodeling units, indicating maturation of the woven bone to lamellar bone. Some early and immature primary osteons were visible in all specimens (Fig 8) . Empty spaces were present between the implant threads in some areas, with The BIC values substantially increased at both surfaces (OS = 42.5%; MS = 38.9%).
Day 90 observation
Mature lamellar bone was detectable close to the implant surface in all specimens (Fig 9) . The qualitative and quantitative observation did not show any substantial difference between the surfaces (BIC, OS = 41.7%; MS = 48.6%).
Bone-forming activity appeared strongly reduced, and large amounts of primary osteons were present in the newly formed bone.
Discussion
The clinical success of oral implants is related to their early osseointegration, defined as a direct BIC without an intervening connective tissue layer. 7, 8 The authors define early osseointegration as the time lapse between baseline (implant insertion) and 15 days. This study analyzed the new bone formation pattern at the bone-implant interface and the BIC of two dental implants differing in surface morphology and roughness at different times of healing: immediately after placement and after 1 day, 7 days, 15 days, 1 month, and 3 months. A single-stage technique with transgingival healing abutments was used to include a certain degree of loading in the model (there was no occlusal load, but load from the food bolus). The pattern of bone healing demonstrated the same features at the oxidized moderately rough surface and at the machined surface. The gaps between the implant surface and the native bone were initially filled with a blood clot containing erythrocytes and a high proportion of residual bone chips entrapped in a fibrin network.
The study demonstrated low BIC for both implant surfaces (OS and MS) during the first 15 days after implant placement, ranging from 12.9% to 26.9% irrespective of the implant surface. Increased BIC values could be observed only in the 30-day specimens (OS = 42.5%; MS = 38.9%) and the 90-day specimens (OS = 41.7%; MS = 48.6%).
Osteoblastic activity was detectable in the 7-and 15-day specimens starting from the residual bone chip degradation and independent of the implant surface characteristics. The presence and degradation of residual bone chips acted as centers for new bone formation with osteoblasts lining osteoid tissue and subsequently woven bone. When the new bone-forming centers were close to the implant surface at a distance from the native bone, woven bone was found at the implant surface regardless of the roughness characteristics (distance osteogenesis). 9 In contrast, when the residual bone chips were not present at the bone-implant interface, new bone formation appeared to progress 
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from the native bone to the implant surface (appositional bone formation). 9 This finding is in accordance with a recent study from Nevins et al 10 demonstrating higher BIC values when self-cutting implants were inserted in sites prepared to the minimum diameter of the implant, allowing the bone chips to be deposited into the cutting features and displaced apically.
The bone-forming activity appeared strongly reduced after 30 days of healing and seemed to be complete only in the 90-day specimens, where abundant lamellar bone was evident.
Most dental implants are made from grade 4 cpTi because it is stronger than other grades. There is a continuing effort to develop improved titanium surfaces to achieve more rapid osseointegration and improve the BIC. The ultimate goal is to apply occlusal load as soon as possible. This would offer a potential reduction in chair time and the associated cost of treatment.
Since immediate or early implant loading is considered to be applied during and not after the first 15 days after implant placement, the findings in the present study of an extremely low BIC and limited mineralized bone formation for both implant surfaces (OS and MS) during the first 15 days after implant placement suggest that the surface roughness does not seem to be a key factor for successful osseointegration of immediately or early loaded implants.
This Roughened surfaces have been considered to be more conducive to osteoblast differentiation and therefore osseointegration and have led to a variety of grit-blasting and acid-etching techniques aimed at optimizing these properties. 3, 15 Various biomimetic coatings such as tricalcium phosphate and hydroxyapatite also have been used in an attempt to replicate the composition of the hydroxyapatite environment found in bone. The aim was to encourage osseointegration, but they were discontinued due to the high incidence of periimplantitis. 16 There is a difference of opinion related to whether osteoblast differentiation is increased by surface roughness. [17] [18] [19] [20] Some reports provide contradictory evidence suggesting that osteoblast differentiation is unaffected [21] [22] [23] or reduced. 24, 25 Abrahamsson et al 26 reported similar bone-healing characteristics with resorptive and appositional events for sandblasted, large-grit, acid-etched, and turned surfaces, but the rate and degree of osseointegration were superior for the sandblasted, large grit, acid-etched than for the turned surface, despite the fact that the amount of lamellar bone was much higher in the turned surface at 6, 8, and 12 weeks after implant placement.
Kawahara et al 27 reported no differences when comparing BIC of blast-roughened surfaces to machined surfaces in the canine mandible after 6 or 24 weeks. Similarly, it has been reported that blasting with titanium oxide grit, ceramic grit, or acid etching had no effect on the histologic formation of bone around implants placed in the canine mandible after 1 or 3 weeks. 28 A recent study monitored the bone-healing process around titanium alloy implants with modified surface topography and chemistry in fresh extraction sockets in rats. 23 The authors reported that these implant surface modifications had no influence on the activity of bone-forming cells surrounding the implant in time frames of 1, 3, and 9 weeks.
Conclusions
Within the limits of this study, including its limited number of subjects, it can be stated that osseointegration follows the same healing pattern at machined and oxidized implant surfaces. In particular, both the rate of osseointegration and the degree of BIC over 3 months was independent of the characteristics of the tested implant surfaces.
